We examined the in vitro effects of the benzophenone derivatives garcinol, isogarcinol, and xanthochymol on cell growth in four human leukemia cell lines. All of the compounds exhibited significant growth suppression due to apoptosis mediated by the activation of caspase-3. A loss of mitochondrial membrane potential was found in garcinol-and isogarcinol-induced apoptosis, but not in xanthochymol-induced apoptosis. The growth inhibitory effects of isogarcinol and xanthochymol were more potent than that of garcinol, which is a well-known cytotoxic benzophenone derivative.
Natural products of plant origin offer a wide variety of bioactive compounds that could meet the demand for base compounds of drugs. In the course of our phytochemical research on biologically active phenolic compounds, the structures of polyisoprenylated benzophenones, xanthones, and coumarins isolated from some guttifereous plants were characaterized. [1] [2] [3] Among the phenolics in this family (Guttiferae), polyisoprenylated benzophenones are known to distribute in the genus Garcinia and in vitro various bioactivities such as antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA), 1) antioxidant activity, 4) and cytotoxicic activity due to induction of apoptosis in HL60 cells, 5) have been reported. In the case of garcinol (1) , in vivo cancer chemopreventive activity against colonic aberrant crypt foci in an animal model was also reported. 6 ) Therefore benzophenone derivatives can be regarded as useful candidates for drug development including anti cancer agents. In this study, we examined the effects of three polyisoprenylated benzophenones, 1, isogarcinol (2) and xanthochymol (3) (Fig. 1) , isolated from the pericarps of Garcinia purpurea 1) on growth inhibition in human leukemia cell lines. Compounds 2 and 3 displayed more potent growth inhibition due to apoptosis than 1 against four leukemia cell lines.
Human leukemia cell lines NB4, HL60, U937, and K562 were grown in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine serum (Cosmo Bio, Tokyo, Japan) under an atmosphere of 95% air and 5% CO 2 at 37°C and seeded at 2-3ϫ10 5 cells/ml in culture plates. After 24 h cells were treated with 1, 2, or 3 dissolved in dimethyl sulfoxide (DMSO) at various concentrations. At 72 h following treatment with each compound, the numbers of viable cells were determined by the trypan blue dye-exclusion test. The controls were taken as the samples treated with DMSO alone. For examination of apoptosis induced by the compounds, Hoechst 33342 nuclear staining and analysis of nucleosomal DNA fragmentation by agarose gel elecrophoresis were performed. Activation of caspase-3 and release of cytochrome c from mitochondria were examined by Western blot analysis. The mitochondrial membrane potential was assessed by staining with Mito-Tracker Orange and Green (Molecular Probe, Eugene, OR, U.S.A.) using a fluorescence-activated cell sorter (FACS) (Becton Dickinson, San Jose, CA, U.S.A.).
We examined the cytotoxic effects of 1, 2, and 3 against the four leukemia cell lines U937, K562, NB4, and HL60 (Table 1 , Fig. 2 ). All compounds tested displayed remarkable cytotoxicity at dose of 5-20 mM. The cytotoxic activities of 2 and 3 were more potent than that of 1. The HL60 cell number was gradually decreased in a concentration-dependent manner after treatment with the compounds (Fig. 2) . These compounds did not show growth inhibitory effect within 24 h Cytotoxicity was evaluated 48 h after the start of treatment. The activity was expressed as a percentage of dead cell number in viable cell number of untreated controls. G, garcinol; I, isogarcinol; X, xanthochymol. ϩ, 0-25%; ϩϩ, 25-50%; ϩϩϩ, 50-75%; ϩϩϩϩ, 75-100%. and at concentrations lower than 2 mM.
We further investigated whether the cytotoxic effect of the compounds was mediated by the apoptotic mechanism in HL60 cells. Hoechst 33342 nuclear staining demonstrated the characteristic features of apoptosis such as nuclear condensation and fragmentation in the cells treated with 1, 2, or 3, respectively (Fig. 3) . Furthermore, DNA ladder formation in the cells after the treatment with each compound at 10 mg/ml (17 mM) was also observed. Thus 2 and 3 as well as 1 induced apoptosis in the leukemia cell line HL60. These apoptotic morphological findings and DNA ladder formation were also seen in U937, K562, and NB4 cells with the same treatment (data not shown). We examined the pathway of the apoptosis induced by these compounds. The caspase family of proteases plays key roles in promoting the cell death associated with apoptosis. Of these caspases, the activation of caspase-3 has been reported to be essential for apoptotic cell death. The active forms of caspase-3 were detected in the cells treated with all compounds tested for 12 h, which was almost concurrent with the results of DNA ladder appearance (Figs. 3, 4A) . The activation of caspase-8 was not observed in the apoptosis induced by these compounds.
Mitochondria have also been known to play a key role in controlling the pathways that lead to cell death. It is well established that at the early stage of the apoptotic process, the mitochondrial transmembrane potential is altered. We used Mito-Tracker Orange to monitor the changes in the potential induced by the compounds. Cells treated with 1 and 2 10 mM for 12 h exhibited a reduction in fluorescence intensity in mitochondria by FACS analysis (Fig. 4B) . No reduction in mitochondrial transmembrane potential was found in 3-induced apoptosis. The release of cytochrome c was observed only in the case of 2-induced apoptosis (Fig. 4C) . These data indicate that the apoptosis induced by 1 and 2 was executed by the activation of caspase-3 with a collapse of mitochondrial membrane potential.
Thus we conclude that three polyisoprenylated benzophenones exhibited growth inhibition in human leukemia cell lines due also to apoptosis. The potency of the growth inhibitory effect was 2Ͼ3Ͼ1. The apoptotic process was mediated by activation of caspase-3 with a reduction in mitochondrial transmembrane potential in 1-and 2-induced apoptosis. These findings suggest that 1 and 2 may target the molecule(s) on mitochondria in the early phase of the apoptotic process, because no activation of caspase-8 was found. These compounds appeared to exert a negligible toxic effect on normal human lymphocytes at concentrations lower than 5 mM, although they exhibited slight growth inhibition at 10-15 mM (data not shown). With the goal of developing new therapeutic agents to induce apoptosis in tumor cells, further investigation of the cytotoxic potential of these compounds is required. For detection of released cytochrome c, the mitochondrial and cytosolic fractions were prepared as reported previously. 7) Ten micrograms of protein of each homogenized sample were separated by SDS-polyacrylamide gel electrophoresis.
